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SUMMARY

The present report compares experimental and calculated mass and
temperature histories of drops vaporizing with a constant velocity rela-
tive to the air and confirms the thought that, under many conditlons, the
unsteady state or time required for the drop to reach the wet-bulb tempera-
ture is an appreciable portion of the total vaporization time.

Work was done to verify or disprove the assumptions used in the com-
putations. Data are presented to show that the assumption of infinite
thermal conductivity is valid primarily because of circulation inside the
drop. The presence of this circulation was verified by high-speed motion
pictures. The need for a correction factor to the heat transfer to express
the effect of mass transfer on heat transfer was confirmed as well as the
need for a correction factor to correct for unidirectional (as opposed to
equimolal) diffusion.

Work was also done to evaluate the extent and effect of heat trans-
fer down the thermocouple wires supporting the drop. It was shown that
if wires of large diameter or high thermal conductivity were used the heat
transfer was not negligible. The experimental data were then taken using
small-dlameter wires of low thermal conductivity.

Calculations were also performed using different heat-transfer cor-
relations as well as different types of averaging the properties of the
film. It was found that the biggest variation was in the value of the
diffusion coefficlent. By using the highest computed value for the 4if-
fusion coefficient, the use of the correlations of Ranz and Marshall in
the computations produced curves that agreed reasonably well with the
experimental curves.

A few preliminary temperature histories of the vaporizing drops of
binary mixtures were also taken as well as a few histories of drops of
different fuels vaporizing in air at sufficlently high temperatures that
burning of the drops took place. While precise temperature histories were
not obtained the measured steady-state temperatures were close to the
boiling temperatures when burning occurred.
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INTRODUCTION

Fuel injected into a combustion chamber by & nozzle leaves the noz-
zle orifice as sheets or ligaments which eventually break down into drops
of varying sizes. As soon as these drops are formed, they start heating
up to thelr steady-state or wet-bulb temperatures, which are a function
of the type of fuel used and the temperature and pressure of the surrounding
air.

The importance of the fraction of the total vaporization time of a
fuel drop occupled by the unsteady-state or heating~up portion was stressed
in a previous theoretical investigation (ref. 1). It was estimated from
calculated data that the larger drops emanating from a Jjet-engine
combustion~chamber injector reach the combustion zone while still in the
unsteady state. Consequently, it is belleved that computations which
include only the wet-bulb or steady-state portion of the vaporization
time of fuel drops do not present a true plcture of the time elapsed and
the distance traveled before combustion occurs in the heterogeneous mix-
ture that exists in a Jet-engine combustion chamber,

Reasonable agreement between experiment and theory was reached and
progress was made In understanding the effects of many variables entering
into the calculation. It 1is believed that if the equations can be veri-
fied for use on small drops they wlll be of help in understanding the
complex phenomena that occur prior to the combustion zone of a Jet-engine
combustion chamber.

This investigation was conducted at the University of Wisconsin under
the sponsorship and with the filnancial assistance of the National Advisory
Committee for Aeronautics,

SYMBOLS
A area, sq in.
A, surface area of liquid drop, sq in.
B, thickness of air-vapor film surrounding drop, in.

Cis Coe.. constants
specific heat of fuel vapor at constant pressure, Btu/(1b)(°F)

specific heat of liquid fuel, Btu/(1b)(°F)
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specific heat of air-vapor mixture, Btu/(1b)(°F)

diffusion coefficient of alr-vapor system, sq in./sec

diffusion veloclity with respect to a plane moving at mass
average veloclty, in. /sec

internal energy of liquid, Btu/1b

mass flux vector for vapor with respect to liquid surface,
1b/(sq 1in.)(sec)

molal mass flux vector for vapor with respect to liquid
surface, 1b mole/(sq in.)(sec)

molecular enthalpy, Btu/lb

PVy,

coefficient of heat transfer, Btu/(sq in.)(sec)(°F)

heat flux with respect to liquid surface, Btu/(sq in.)(sec)

mass flux vector of component 1 with respect to a plane
moving at mass average velocity, 1b/(sq in.)(sec)

thermal conductivity, Btu/(in.)(sec)(°F)

coefficient of mass transfer, 1/sec

average thermal conductivity in air-vapor mixture,

Btu/(in.)(sec)(°F)
energy transported to liquid surface, Btu/sec
molecular weight, 1b/mole

molecular weight of air, lb/mole
molecular weight of fuel, 1lb/mole
mass of ligquid drop, 1b

apparent molecular weight of air-vapor mixture, lb/mole
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total mass vaporized from drop, 1b

mass of molecule of component 1, 1b/molecule
molecular mass of liquid, 1b/molecule
Nusselt number for heat transfer, unitless

Nusselt number for mass transfer, unitless

Reynolds number, unitless

Schmidt number, unitless

total number density, E:: ny

number density of any component 1, molecules/cu in.
number density of liquid, molecules/cu in.

total pressure, 1b/sq in.

partial pressure, lb/sq in.

partial pressure of air, lb/sq in.
partial pressure of fuel vapor, lb/sq in.

partial pressure of fuel vapor at film boundary considered to
be zero, 1b/sq in.

partial pressure of fuel vapor at liquid surface, equal to
liquid wvapor pressure, lb/sq in.

total heat transfer from air to drop, Btu/sec

sensible heat received by drop, Btu/sec

heat arriving at inner segment inside drop, Btu/sec

heat carried back with diffusing vapor in form of superhesat,
Btu/sec
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Q,

_ Ypf

heat received at drop surface, Btu/sec

energy flux vector with respect to a plane moving at mass
average velocity, Btu/(sq in.)(sec)(°F)

universal gas constant, in-1b/(mole)(°F)
radius at any point in film, in.

molal rate of diffusion of fuel vapor at radius r 1in fllm,
moles/(sq in.)(sec)

molal rate of diffusion of fuel vapor at liquid surface,
moles/(sq in.)(sec)

radius of drop or increment of drop, in.

temperature in film at radius r, °R

asymptotic or wet-bulb temperature of drop, °r
air temperature at film boundary, °R
temperature of liquid drop, °R

mean temperature in film or segment of drop, °r

veloclity of one component with respect to other in a two-
component diffusion system, in./sec

absolute velocity of liquid surface, in./sec

velocity of drop with respect to alr, in./sec
rate of mass of vapor diffused out, lb/sec
thickness of segments withln drop, in.

correction factor for heat transfer, —EJL——, unitless
e -

Bo

* 7 Ky 1 (7o + Bo)

correction factor for mass transfer, unitless
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8 time, sec

Gt total time of vaporization of liquid drop, sec
o) density, lb/cu in.

Pg, density of air, 1b/cu in.

PL density of liquid drop, 1lb/cu in.

Pm density of air-vapor mixture in film, 1lb/cu in.
Pn mass density of mixture, Ib/cu in.

A latent heat of vaporization, Btu/lb
Subscripts:

i component 1

1 component 1 or segment 1

2 component 2 or segment 2

Superscripts:
o condition of extremely small pressure difference

* reduced value

APPARATUS

The experimental apparatus shown schematically in figure 1 was
designed to meet two requirements: One, to study a drop of fuel under
conditions as close as practicable to the conditions encountered by drops
in a combustion chamber, and, two, to obtain accurate temperature and
radius histories of the drop.

Temperature histories were obtained by hanging a drop on a thermo-
couple and recording the output of the thermocouple with a recorder. The
output of the thermocouple was recorded when a sudden blast of heated air
was passed over the drop. Drops of fuel of 99-percent mole purity were
formed on the thermocouple with a syringe and hypodermic needle and their
instantaneous radius was recorded by means of a motion-picture camera.
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As shown in figure 1, air from a laboratory line at 80 pounds per
square Inch gage was passed through a porous stone filter and was metered
by controlling the pressure on either or both of two critical flow ori-
fices. After metering, the air was electrically heated and then passed
into a calming section consisting of a 2l1-inch length of 4-inch pipe with
internal flow control as shown in figure 1. The nozzle at the end of this
section was constructed according to the standard specifications for flow
nozzles of the International Standards Associatlon and provided a stream
of air of known velocity having a comparatively flat velocity profile. A
metal deflector prevented the alr blast from passing over the drop except
when desired. When this deflector was suddenly removed, the drop was sub-
Jected to a sudden blast of air. Smoke tests showed that the air formed
a smooth cylindrical column for some distance above the thermocouple.

Absolute velocity measurements (using an Illinois Testing Laboratory
velometer accurate to about 5 feet per minute) were made at the thermo-
couple location above the nozzle. The exact velocity profile could not
be determined with the velometer, since the velometer nozzle had a 1/4-inch
inside diameter. However, no variation in the velometer reading was noticed
until the center of the velometer nozzle was 1/8 inch from the outer edge
of the l-inch flow nozzle.

Figure 2 shows a diagram of the circult used to measure and record
the temperature history of the drops. For reasons which will be explained
later, 3-mil constantan and manganin wires were used for the thermocouple.

The Jjunctions between the thermocouple wires and the recorder wires
were kept 1n separate ice baths. A switching arrangement, which placed a
potentlometer in series with the thermocouple, permitted the zero point of
the recorder to be shifted as desired. This arrangement provided good
sensitivity irrespective of the temperature level.

The temperature scale for the recorder-thermocouple combination was
determined by calibrating the thermocouple in o0il. The time scale for
the recorder was determined from the known recorder chart speed. It is
estimated that, with a chart speed of 26 inches per minute, the error in
reading a certaln point might be 0.10 second. If the scatter in the
experimental wet-bulb temperatures is an indication of the temperature
error, then temperatures may be in error by t4° F, of which #20 F might
be scaling error from the recorder chart. The recorder used for the work
described above was a modified single-point, strip-chart, l-second,
Speedomax recorder.

It was found that more nearly spherical drops were obtalned if either
the thermocouple Junction was made in the form of a bead or a small bead
of some other metal was formed on the junction. Drop shapes during a
typlcal experimental run are shown in figure 3 where the bead and thermo-
couple leads are shown as shaded areas. The outer line shows the shape of
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a drop hanging in zero-velocity air. The second cutline shows the shape
the drop would take an instant after the air blast is applled. The drop
size decreases as vaporization occurs until the surface tension and the
force of the air blast move the drop upward on the thermocouple as shown
in the figure. The tendency of the drop to blow off or up on the thermo-
couple determines the maximum permissible ailr velocity.

Radius histories were obtained by taking a motion picture of an
enlarged image of the drop when the image was projected on a ground-glass
screen. The optical system and camera are shown schematically in figure 1.
A 300-watt projection lamp and reflector served as a light source. The
optical system was calibrated by placing a wire of known diameter in place
of the drop.

Timing marks were produced on the film by interrupting light from a
steady source with a chopper driven by a synchronous motor. The time at
which the alr-blast deflector was removed was determined by also photo-
graphing a neon timing light which was automatically turned on by the
removal of the deflector plate. The diameter of the image of the drop on
the film was obtained by using a microfilm viewer.

The volume of the drops was determined by assuming that the drop was
a sphere having a dlameter equal to the largest horizontal diameter meas-
ured from the film. This is, of course, not precise, since the drop is
somewhat deformed, especially during the initial period. This also does
not consider the volume occupied by the thermocouple and its bead; that
is, when the liqulid had all disappeared one would not state that the drop
was 100-percent vaporized. As may be seen in figure 3 the error due to
deformation decreases as the drop evaporates. The discrepancy between the
surface-volume ratio obtained from exact measurements of the drop size and
the ratioc obtained by considering the drop as a sphere did not exceed
3 percent. .

EXPERIMENTAL RESULTS

Measurement of Surface and Center Temperatures of Drops

The theoretical calculations for the unsteady state presented in ref-
erence 1 assumed infinite thermal conductivity within the liquid drop.
Both the estimate of the effect of assuming infinite thermal conductivity
presented in reference 1 and calculations to be presented later indicated
that this assumption might be of questionable validity under certain con-
ditions. Thus an experimental investigation of the temperature gradients,
if any, within the drop during the unsteady state were undertaken.

A fuel drop was hung on three equally spaced thermocouples of size-
38 manganin-constantan wires as shown in figure k., The center thermocouple
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and one of the two outlying thermocouples were used for temperature meas-
urement while the thlird was used for symmetry reasons. The outer thermo-
couple that was used for measurement was connected to the 8 even-numbered
points of a 16-point high-speed recorder and the inner thermocouple, to

the 8 odd-numbered points. Thus the two thermocouple readings were recorded
alternately on the recorder chart.

Cetane was used as the fuel since, because of its low volatility, it
would be expected to show a large temperature difference between the cen-
ter and surface of the drop. Figure 5 shows temperature histories of the
center and surface temperatures of a cetane drop. Figure 5 1s representa-
tive of all cetane drops measured under different alr temperatures and
velocities. A few experiments were also performed using n-octane as a
fuel with similar results. It was concluded from these experimental results
that at least over the range of conditions for which data were taken no
detectable temperature gradient exists in a drop vaporizing in an air
stream.

Internal Clrculation in Drops

During the aforementioned studies motion inside the drop was noticed.
Since the absence of a temperature gradient in the vaporizing drops could
be explained by internal circulation, a photographic study of this move-
ment was undertaken. The result of this photographic study 1s shown in
the film "Circulation in Drops" which is available as a supplement to this
Technical Note and can be secured on loan from the Division of Research
Information, National Advisory Committee for Aeronautics, Washington, D. C.
Such movement has also been observed by other workers (refs. 2 to 5).

For the circulation studies, drops of different fuels were hung on a
drawn-glass fiber. A small amount of fine aluminum oxide was mixed with
the liquid before forming the drops. The drops were then illuminated and
photographed. The motion of the aluminum oxlde dust particles within the
drops was an indication of internal circulation. It was found that 1if the
dust particles were too fine identification of the particles became diffi-
cult because of film grain, while if the dust particles were too coarse
they elther tended to settle to the bottom of the drop or d4id not follow
the fluid motion.

Motion pictures were taken of drops of n-octane and cetane of approxi-
mately 2,000-micron diameter under the following conditions:

(1) n-Octane drops in still air at 70° F with camera speeds of 16,
32, and 64 frames per second

(2) n-Octane drops in an air stream at 250° F with camera speed of
64 frames per second



10 NACA TN 3490

(3) Cetane drops in still air at 80° F with camera speed of 64 frames
per second

(4) Cetane drops in air streams at 250° F with airspeeds of 2, 4, 6,
and 8 feet per second and with camera speed of 64 frames per
second

(5) A cetane drop in a 6-foot-per-second air stream at 250° F with
camera speed of 1,430 frames per second

Frames from these shots are shown in figures 6 and 7. In figure 7
the arrow points to one particular particle. This particle can be seen
to change position. The frames shown were seven frames or 1/200 second
apart. Figure 8 shows the direction of motion inside the drops with and
without an air stream. In all these pictures front illumination was used
on the drops. A carbon arc was used for the low-speed pictures (conditions
(1) to (4) above), while a zirconium arc was used for the high-speed pic-
tures (condition (5)). A water cell was used to minimize heating of the
drops by radiation from the 11luminating source.

Heat Transfer From Thermocouple to Drop

The experimentally measured temperature histories of the vaporlzing
fuel drops were obtained as far as practicable under conditions similar
to those encountered by a drop injected into a combustion chamber. Since
the drops in the combustion chamber are obviously not hanging from a
thermocouple the effect of the supporting device on the heat transfer to
the drops is of importance.

Water was used first in the investigation of the effect of the sup-
ports because accurate wet-bulb temperatures are available in the litera-
ture for a wide range of temperatures. Figure 9 shows three temperature
histories of drops of water all vaporizing in a stream of air at 300° F
and atmospheric pressure. Curve I was obtained with a 10-mil copper-
constantan thermocouple and shows both a high and a continuously rising
wet-bulb temperature. Curve II was obtained with a 3-mil copper-constantan
thermocouple and shows to a lesser degree the high and continuously rising
characteristic of Curve I. Curve III was obtained with a 3-mil manganin-
constantan thermocouple and shows an essentlally constant wet-bulb tempera-
ture. Figure 10 shows the effect of the above three different-size thermo-
couples on the wet-bulb temperatures of drops of n-octane when subjected to
alr streams of varying temperatures. The ranges of wet-bulb temperatures
shown for the 10- and 3-mil copper-constantan thermocouples represent the
total rise of the steady-state temperature reading before the drops evapo-
rated. The range was essentlally zero when using a 3-mil manganin-constantan

thermocouple.



NACA TN 3490 11

The above results can be explained on the basis of an appreciable
quantity of heat being conducted through the supporting thermocouple
wires. If heat is conducted through the thermocouple wires at a constant
rate and through the film at a varying rate (pecause of the decrease in
surface area with drop size) a rising wet-bulb temperature curve should
result as shown in figure 9. Since manganin has approximately one-fifteenth
the thermal conductivity of copper it is believed that the effect of the
thermocouple in transferring heat to the drop has been made negligible by
a small-size manganin-constantan thermocouple wire as evidenced by curve III
of figure 9.

Experimental Temperature and Mass Histories

More than 100 experimental radius and temperature histories have been
obtained for the conditions shown in table 1. Since reproducibility of
results was of interest, some duplicate runs were made and the agreement
of results was noted. Sample duplicate runs are shown in figures 11(a)
and 11(b) for n-hexane and n-heptane, respectively.

The effect of different air temperatures on the temperature and
radius histories are shown in figures 12(a) and 12(b) for isooctane and
n-decane. The velocity of the ailr varied between narrow limits as shown in
the figures. This variation in velocity produces a negligible effect on
the wet-bulb temperatures. As would be expected, as the air temperature
increases the rate of vaporization increases, thereby decreasing the
length of time required to vaporize a glven percentage of the mass of the
drop. This reduction in vaporization time was also accompanied by a
reduction in the time duration of the unsteady state so that the ratio
of the duration of the unsteady state to the total vaporization time
remained approximately constant.

It can also be seen in figure 13 that the relationship between the
wet -bulb temperature and air temperature is not linear and that the wet-
bulb temperature increases more slowly at the higher air temperature.

The fuel used also plays an important part in the vaporization process.

To illustrate this, figures 1k(a) and 14(b) show a variety of fuels at
both a low and a high air temperature, respectively. The fuels were
initially at their room wet-bulb (and therefore slightly different) tem-
peratures. It will be noted that at low alr temperatures there is a
ratio of about 3 to 1 for the vaporization times of n-decane and n-hexane,
while at the high air temperatures this ratio is reduced to approximately
1.5 to 1. This indicates that at the high air temperatures encountered
during combustion the total vaporization times of drops of different fuels
will not be so markedly different as at low temperatures. This is due to
the fact that the curves of vapor pressure at the wet-bulb temperatures
against air temperatures must all converge to the value of the total pres-
sure for the different fuels at high air temperatures as shown in figure 15
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or, putting it another way, at extremely high air temperatures the wet-
bulb temperature approdches the bolling temperature. These statements
should not be construed to mean that fuel volatility is unimportant but
merely that it is more Important at low than at high air temperatures.

Very little work was done on the effect of drop size on vaporization.
However, figures 16(a) and 16(b) show the results obtained for n-hexane
and n-decane, respectively, when different-sized drops were used. These
runs were all made at one air condition and therefore differences in the
results shown should be entirely due to size differences.

Binary Mixtures

As a matter of interest, temperature histories of a few binary mix-
tures of hydrocarbons were obtained experimentally.

Experimental temperature histories of mixtures of n-octane and
n-heptane and of n-octane and cetane with compositions by volume of 25,
50, and 75 percent were obtalned. None of these mixtures gave or would
be expected to give constant wet-bulb temperatures such as those obtained
with drops of pure hydrocarbons.

The n-heptane — n-octane system (fig. l7(a)) gave steadily rising wet-
bulb temperatures. The slope of the "steady-state" line became greater as
the original percentage of the heavier, less volatile component (n-octane)
in the mixture was increased.

The n-octane — cetane system (fig. 17(b)) showed a different charac-
teristic. These drops tended to reach a "pseudo" steady state; that is,
the temperature-time curve showed a tendency to level off after the initial
rise. This tendency 1s more pronounced the greater the percentage of the
more volatile component (n-octane). This produces an S-shaped wet-bulb
region rising finally and leveling off at the wet-bulb temperature of pure
cetane. This temperature, under the conditions of the experiment, was
close to the temperature of the air. Figure 17 also shows experimental
temperature-time histories of drops of pure n-heptane, n-octane, and cetane
for comparison purposes.

Burning Drops

Again as a matter of interest, temperature histories were obtained
for drops suddenly exposed to air at such high temperatures that combus-
tion occurred. The resulting curves for different fuels are shown in
figure 18.
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The curves of figure 18 were obtained in the following manner.
Products of combustion from an acetylene-air torch were passed through
a 15-inch section of a 2-inch pipe. Excess air was drawn in the pipe by
convection and venturl effects. The drop was hung about 1 inch above the
top of this pipe and could be swung over the hot gases when desired. A
Chromel-Alumel thermocouple was used. It was found experimentally that
the drops would not burn until the temperature of the mixture of the
products of combustion and air reached about 1,400° F.

It was also noticed during the experiments that the burning drops
of different fuels varied markedly in their tendency to drop off the
thermocouple. In general, the higher the molecular weight the greater
the tendency to drop off the thermocouple. This may merely reflect the
fact that the wet-bulb temperatures were higher for the higher molecular
welght fuels. It was also noticed that occasionally spots on the surface
seemed to boil which indicates that the heat transfer by radiation or
conduction through the wires was not negligible, since according to the
theory presented in reference 1 when the drop is receiving heat from the
air only the wet-bulb temperature should approach but not reach the boiling
temperature.

For these experiments the thermocouple and recorder were not calil-
brated and it was impossible to determine with precision if the drops
reached exactly the bolling temperatures. The recorded thermocouple
temperature, however, was very close to the bolling temperature and the
wet-bulb values were arbitrarily shown in figure 18 as the boiling tem-
peratures of the fuels. The amount of heat transfer by conduction down
the thermocouple wire and by radiation to the thermocouple were not
evaluated. '

Since the lifetime of the burning drop was short the speed of response
of the recorder 1s of interest. The dashed line in the upper left-hand
region of the figure shows the response of the recorder to a step voltage.

DISCUSSICN

The purpose of the present investigation was (1) to establish the
importance of the unsteady-state portion of the vaporization time of fuel
drops in hot air experimentally and (2) to determine whether temperature
and mass histories of these vaporizing drops could be accurately predicted
from the theory.

The importance of the unsteady state as a majJor portion of the time
elapsed before ignition occurs in continucus-flow combustion chambers has
been suggested theoretically (ref. 1). The existence and importance of
the unsteady state has also been shown in all the experimental histories
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presented in this report. Thus the authors accept 1t as a fact that the
unsteady state should not be neglected in any detailed caleculations. The
magnitude of the error involved in neglecting it will be discussed later.

Circulation in Drops

In attempting to correlate calculated and experimental results, an
investigation of the various assumptions and correlations used in the
theory seemed necessary. The first assumption to be checked was that of
infinite thermal conductivity of the liquid since, in all of the calcula-
tions performed in this project, this value was assumed to be 1nfinite.
The drop was thus assumed to be at a uniform temperature at all times.

If this were not true experimentally, that is, if the drop had finite
liquid conductivities, the thermocouple whose junction 1s, on the average,
embedded at some point between the center and the surface of the drop
might read a temperature lower than that existing at the surface of the
drop. The temperature read from the thermocouple would also be lower
than the temperature calculated with the assumption of infinite thermal
conductivity.

The validity of the assumption of infinite thermal conductivity was
estimated (ref. 1) by the use of the Gurnie-Lurie charts and the possi-
bility of temperature gradients was indicated. It was pointed out, how-
ever, that the Gurnie-Lurie charts are based on assumptions not applicable
to a vaporizing liquid drop and that the result of this analysis should be
regarded as relative only.

Since there was some question about the applicability of the Gurnie-
Lurie charts, theoretical calculatlons for the case of a drop of n-octane
using finite values of thermal conductivity were undertaken (see appen-
dix A). The results of the calculations show the temperature histories
of four segments (see fig. 19) within the drop. In flgure 20 these tem-
peratures are compared with the temperature as calculated with the assump-
tion of infinite thermal conductivity. Figure 20 would predict a large
difference between theory and experiment 1f the assumption of infinite
thermal conductivity were incorrect, since in the experiments the thermo-
couple junction normally lies somewhere between segments II and III of the
drop. In the case for which the computations were performed the thermo-
couple would thus read temperatures as much as 300 to 40° lower than those
predicted by using infinite thermal conductivities.

Since both of the above estimations indicated the presence of a tem-
perature gradient in the drop, the experiments which were described earlier
were conducted to investlgate the existence of a temperature gradient within
the drop. The data of figure 5 show that no detectable temperature gre-
dients exist in a drop vaporizing in air under the conditions of the
experiment.
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Internal circulation in the vaporizing fuel drops was observed and
photographed as explained previously (figs. 6 to 8). The motion pictures
in the film supplement show the following facts:

(1) n-Octane drops show very slow internal circulation in still room
ailr at 70o F. The direction of motion of the fluid in this case is down-
wards near the surface and upwards near the center in a doughnut-shaped
- pattern as shown in fig. 8(a).

(2) Cetane drops show even slower fluid motion in still room air.
The direction of motion in this case, however, is essentially random.

(3) All the drops studied showed a rapid internal circulation when
subjected to an air stream. The direction of the motlon was reversed and
was upwards near the surface and downwards near the center (fig. 8(b)).
The direction of the ailr stream was upwards.

Three representative frames taken with the slow-speed camera are
reproduced in figure 6. Figure 6(a) shows the aluminum-oxide particles
in a drop of n-octane hanging in still room air. This frame was taken
with a camera speed of 64 frames per second. Figure 6(b) shows a drop
under similar air conditions but taken with a camera speed of 16 frames
per second. The streak effect due to particle motion at longer exposure
times is made evident by comparing figures 6(a) and 6(b). Figure 6(c)
shows a cetane drop hanging in a stream of alr at 2500 F and velocity of
6 feet per second. This picture was taken with a camera speed of 64 frames
per second. The motion of the aluminum-oxide particles was so much faster
that they could not be stopped by using this camera speed, but the lobe
or path of the particles is clear from this picture.

The high-speed plctures permitted an approximate evaluation of the
speed of the particles inside a 2,000-micron-diameter cetane drop. Maxi-
mum velocities of 2 inches per second were observed when the air veloclty
was 6 feet per second. Particles were found to complete a cycle in
approximately 1/8 second.

It was concluded from this photographic study that, under conditions
similar to those used in the experiments, internal circulation exists in
vaporizing drops in a magnitude that causes sufficient mixing of the fluid
to eliminate temperature gradients during the heating-up period. This is
in agreement with the results of the three-thermocouple experiment (fig. 5).
This circulation is presumably caused by the skin drag of the stream of air
passing by the drops. The circulation increases with airspeed, and the
direction of motion of the dust particles near the surface of the drops
is the same as that of the air. In still room air the direction of motion
of these particles in an n-octane drop is reversed in direction from that
which occurs when the drop is in an upward air stream; that is, it is
downwards near the surface. This apparently 1s caused by evaporation of
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the heavier-than-air n-octane vapor which, combined with the cooling effect,
would cause a downward air current causing drag in that direction. In a
cetane drop, the motion was slow and random because cetane has an extremely
low vapor pressure and high liquid viscosity at the temperature of the room
air (80° F). The slow and random motion inside the cetane drop was possibly
caused by random air currents. This circulation explains the apparent infi-
nite thermal conductivity observed experimentally when using three thermo-
couples in one drop.

There is an interesting correlation between internal circulation and
the results of the experiments using binary mixtures. It was found that
the n-octane — n-heptane drop showed a steadlly rising wet-bulb temperature
(fig. 17(a)). Since 1liquid diffusion is relatively slow it is thought that
if there were no internal mixing due to circulation a constant ratio of the
components (equal to the ratio of each component in the original mixture)
would always evaporate from the surface of the drop. Therefore, if there
were no circulation a constant wet-bulb temperature having a value falling
somewhere between the wet-bulb temperature of the pure compounds at the
same air temperature and pressure should result. However, since circula-
tion and mixing take place, the more volatile component will be able to
diffuse out through the film at a higher rate than the less volatile com-
ponent with the exact relative rates being dependent upon the volatility
and diffusion coefficients of the two components. Consequently, the drop
will continuously and steadily change composition and will become more and
more rich in the lower volatility component. Thus a rising wet-bulb tem-
perature will result as 1s shown by the experimental data presented in

figure 17(a).

It has been pointed out (ref. 3) that for constant conditions the
internal circulation inside a drop decreases with drop size. It has also
been pointed out that it is affected by the external Reynolds number as
well as by the liquid and ailr viscosities. Since under conditions of
interest in jet-engine combusion chambers the ratios of the drop velocities
to the air velocities are of greater magnitudes than those used in the
experiment, circulation may still exist in drop sizes of interest in a
jet engine. While it is admittedly an opinion the authors feel that the
assumption of infinite thermal conductivities within the liquid drops 1is
a valld assumption for small drops as well as for large drops.

There is alsc one other interesting possible effect of circulation.
Tt has been suggested (ref. 6) that circulation in the drop may cause a
change in the film thickness and thus affect the heat and mass transfer.
The authors have done no work that would either prove or disprove this
suggestion.
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Comparison of Experimental and Calculated Curves

As previously mentioned, one purpose of the investigation was to
determine if temperature and mass histories of drops could be accurately
predicted from theory. Having established that the heat transfer down
the thermocouple was small and that the effective thermal conductivity
of the liquid was high, a comparison between experimental and calculated
results could be made.

In making this comparison it should be remembered that the theory
for vaporizing drops has not been well worked out. In fact, the entire
field of simultaneous heat and mass transfer has not been well studied
from a theoretical standpoint. Appendix B presents an attempt to start
from fundamental considerations and to establish and specify clearly any
simplifying assumptions made in obtaining usable equations. The new
theory is not complete, but 1t does present results of the theoretical
work done to date. Since the theory is in a state of flux, it will be
noted that the new theory presented in appendix B is not in complete
agreement with that used for the calculations in this report. It 1s
hoped that further work will clearly establish the fundamental considera-
tions and form of equatlions involved.

Figure 21 presents curves of wet-bulb temperature versus alr tem-
perature. The calculated curve was obtalned by using the procedure as
outlined in reference 1 and the form of correlation specified in appen-
dix B. It is seen in figure 21 that, if the proper choice of the dif-
fusion coefficient is made, the agreement between calculated and experi-
mental temperature histories is within the experimental error.

Figure 22(a) presents data showing a comparison of experimental rates
of mass transfer and calculated rates of mass transfer. These mass-transfer
rates were evaluated at corresponding points during the steady-state portion
of the temperature history. Again the agreement is within the experimental
error.

Figure 22(b) presents another comparison of experimental and calcu-
lated mass-transfer rates. For this comparison the calculated mass-
transfer rates were determined from the experimental temperature histories
rather than from the calculated temperature histories. There is an indi-
cation in figure 22(b) that the mass-transfer equations do not have the
correct temperature dependency. However, the difference between the cal-
culated and experimental temperature histories is hardly more than the
experimental error and probably no conclusion should be drawn until data
are obtailned at higher air temperatures. These data emphasize the fact
that a small difference in the temperature histories makes a fairly large
difference in the mass histories.

Figure 23 presents a comparison of calculated and experimental tem-
perature, mass, and radius histories. The comparisons are made at the
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two extremes of air temperatures used and for the two extremes of fuels
used with respect to volatility. Again the agreement is not perfect but
is reasonably good.

It should be pointed out that the experimental and calculated curves
presented in this report are for a constant droplet velocity relative to
the air throughout their lifetime. This has been necessitated by the dif-
ficulty in adjusting the rate of alr flow past the drops experimentally
to conform to exact velocities existing in a combustion chamber. The con-
clusions arrived at in this report as to the effect of different parameters
on the relation of calculated and experimental histories are, however,
valid. The effect of a change in the relative veloclty of drop and alr
due to aerodynamic drag has been investigated theoretically in reference 1.

Effect of Different Factors on Calculated Results

As has been explalned in the previous section, while the agreement
is not perfect between experiment and theory, the agreement is probably
within the limits of error of the theory and experiment. As is also
explained in appendix B some of the factors used in the theory are not
firmly established, but it was felt of interest to see the effects of
omitting or including certain factors.

The Ranz and Marshall heat- and mass-transfer correlations (see
appendix B) were used for the present calculations as well as those of
reference 1. The theory developed in reference 1 suggests that correc-
tion factors should be used when the mass transfer is high. Although
the new theory presented in appendix B suggests that the correction fac-
tors used are incomplete, they were used in the present computations and
it is of interest to see the effect of their omission.

The Z factor (ref. 1) represents that fraction of the total heat
transfer from the air that finally arrives at the surface of the liquid
drop. The balance of the heat is carried back with the diffusing vapor
in the form of superheat. In the mass-transfer equation, a represents
a correction factor that corrects an equimolal rate to unidirectional
conditions (ref. 1).

" " The effect of the inclusion of each and both of these factors on
the temperature and mass histories of vaporizing drops 1s 1llustrated in
figure 24. This figure presents the histories of temperature, mass, and
percent of total mass transferred for a drop of n-octane for the following

cases:
(1) Experimentally determined

(2) Calculated with both the a and Z factors included in the
equations
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(3) Calculated with both the a and Z factors omitted from the
equations '

(4) Calculated with Z alone omitted from the heat -transfer equation
(5) Calculated with « alone omitted from the mass-transfer equation

It can be seen from these plots that the omission of both the a«
and 7 factors from the equations yilelded wet-bulb temperatures and mass-
transfer rates that were higher than those experimentally determined. The
omission of the Z factor alone ylelded lower wet-bulb temperatures than
those obtained with both o« and Z omitted but still higher than those
experimentally determined, plus a high mass-transfer rate. The omission
of a alone ylelds temperature and mass histories that are closer to
those experimentally determined than the previous two cases but not mate-
rially better than those calculated with both o and 2 included in’the
equations. It is the opinion of the authors that at least until more work
is done both the Z and o factors should be included at all times.

The physical properties of the air and hydrocarbons under question
are given in various sources in the literature (refs. 7 to 12). It was
beyond the scope of the present studies to determine which of the sources
gave data that fit the hydrocarbons under test more closely. Reference 13
lists the different sources of the physical properties that were used in
the computations together with the equations that were fit to these prop-
erties to allow their automatic computation at different temperatures by
the IBM machines.

~ The new theory of appendix B suggests that the values of the thermal
conductivity and diffusion coefficient should be determined at the temper-
ature of the liquid. The values used in the calculations of reference 1
and in this report were average values for the film.

Figure 25 presents computed results when the physical constants were
evaluated at two different temperatures — one the arithmetic mean tempera-
ture of the film and the other the temperature of the air. It can be seen
that the choice of the temperature at which the propertiles are evaluated
does not have a marked influence on the computed curves.

The method employed to determine the diffusion coefficient does
affect the results very markedly, however. Figure 26 shows the effect
on the calculated curves of using different techniques for determining
the diffusion coefficient. In these calculations the diffusion coeffi-
cient was determined by the three techniques described by Hirschfelder,
Curtiss, and Bird (ref. 11). In these three different techniques the
intermolecular force constants of the fuels were determined in three dif-
ferent ways:
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(1) From critical constants of the fuel
(2) From experimentally determined second-virial coefficients
(3) From experimental values of the viscosity

A large variation between results is observed. If Gilliland's equation
(ref. 14) were used even more of a variation would be found. Since
Gilliland's equation gives a smaller diffusion coefficient at high tem-
peratures and hence a slower vaporization rate than the diffusion coef-
ficients of Hirschfelder, Curtiss, and Bird it was not used.

Because of this rather large variation in the value of the diffusion
coefficient (and thus in the calculated vaporization rate) it was decided
to use a single technique for calculating diffusion coefficients. Since
figure 26 indicates that the diffusion coefficients from viscosity data
are probably too small and since experimental information was not avail-
able for either the second-virial coefficlent or for the viscosity for
all hydrocarbons, it was decided that the diffusion coefficients would
be evaluated from the critical constants. It should be noted, however,
that the diffusion coefficients determined from critical data are con-
sidered by Hirschfelder, Curtiss, and Bird to be less reliable than those
obtained by other techniques. By using the highest computed value for
_the diffusion coefficient, the use of the correlations of Ranz and Marshall
“in the computations produced curves that agreed reasonably well with the
experimental curve.

Both in the calculations of reference 1 and in the material presented
in this report thermal diffusion has been neglected. It was neglected
because of the complexity introduced by its use and because of the feeling
that its contribution was small. Since as the temperature difference
between the drop and the air increases the effect of thermal diffusion
may not be negligible, an estimation was made of its effect. At a temper-
ature of 1,0730 R it was estimated that the thermal diffusion reduced the
vaporization rate by 8 percent. Thus while the effect of thermal diffusion
has not been large in the present report it probably should be included in
any additional work done at higher temperatures.

Factors Affecting Lifetime of a Drop

It was considered of interest to attempt to estimate the relative
magnitude of the factors affecting the lifetime of a drop. However, in
making this estimation it will be necessary to make numerous simplifica-
tions and the estimation will therefore of necessity be of limited value.
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The three primary factors affecting the lifetime of a drop are:

(1) The condition of the ambient air, that is, velocity, pressure,
and temperature

(2) The fuel used and its properties, that is, vapor pressure, dif-
fusion coefficient, thermal conductivity, and so forth

(3) The initial condition of the drop, that is, temperature, size,
and so forth

These factors are all tied together by the heat- and mass-transfer
equations

In order to make an estimation of the relative effects of the vari-
ables the following assumptions will be made:

(1) The drop is in the steady state for its entire lifetime. The
magnitude of the error in this assumption will be discussed
later.

(2) The conditions of the air surrounding the drop are constant; this
includes the pressure, temperature, and velocity of the air.

As has been discussed in appendix B, the theory for a vaporizing drop
has not been completely worked out. However, the data previously presented
in this report show reasonably good agreement between the theory presented
in reference 1 and the experiment. Thus this theory will be used for the
present estimation. The equations for the lifetime of a drop have been
derived in appendix C for the two limiting cases of zero air velocity and
large Reynolds number and for the general case.

The equation for the lifetime of a drop at zero air velocity, that
is, a drop evaporating in still air, shows that the lifetime is propor-
tional to the square of the 1nitial radius, to the liquid density, and to
its latent heat of vaporization and inversely proportional to the thermal
conductivity of the ambient atmosphere and 1ts wet-bulb depression.
Stating it another way, the lifetime of the drop 1s proportional to the
square of its initial radius, its density, and the ratio of the latent
heat of vaporization to the heat transfer to the drop.

When the Reynolds number is high, the lifetime of the drop is
directly proportional to its latent heat of vaporization, 1ts density,
and its initial radius to the 1.5 power. It 1s also inversely propor-
tional to the difference between the wet- and dry-bulb temperature. In
this connection it will be noted that the wet-bulb temperature can be
estimated from equation (26) of reference 1. It will also be noted that
Ingebo (ref. 15) obtained relationships similar to equations (C10)
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and (C13) (appendix C). However, because of his use of a slightly dif-
ferent correlation he found that 0, varied as the 1.4 power of the

radius at high Reynolds numbers.

Equation (C1k4) (appendix C) shows the lifetime of a drop in the case
where the velocity is neither zero nor extremely high. Unfortunately,
the relationship does not reduce to a simple form such as the forms for
the two limiting cases.

While equations (C10), (Cl3), and (Cl4) provide some insight into
the factors affecting the lifetime of a drop, the relationships are still
perhaps not readily visualized. Figure 27 presents experimental data on
the lifetime of drops and may help to show general trends. It should be
noted that the time plotted is the time for 80-percent vaporization rather
than for complete vaporization.

Figure 27(a) presents data on the time required for 80-percent vapor-
ization as a function of the fuel used with lines of constant temperature.
At low temperatures the dependence of the lifetime of the drop on fuel 1s
rather marked, while at higher temperatures the dependence 1s less marked.
All the fuels shown in figure 27(a) are normal paraffins except for iso-
octane.

Figure 27(v) presents the time for 80-percent vaporization as a .func-
tion of air temperature and is simply a cross plot of figure 27(a). As a
matter of interest the data on burning drops were included in the plot.
The value shown for the air temperature is undoubtedly incorrect since
the drops were burning and the drop size may not have been the same, but
the data were included to show the trend. Again, the data show that the
effect of fuel on the lifetime of a drop is of lesser importance at the
higher temperatures.

It will also be noted that while drop size has a major effect on the
lifetime of a drop it is probably because the radlus can be varled over
such wide ranges. For example, the drop radius can be varied over a 100
to 1 range. It would be rather difficult, if not impossible, to change
the other variables over such a wide range.

Figure 28 presents data that were calculated in an attempt to show
the effect of neglecting the time spent in the unsteady state. The curve
for "infinite thermal conductivity" was calculated in the usual manner as
outlined in this report and represents a good approximation to the actual
history of the drop. The curve for "no unsteady state" was computed under
the assumption that the drop was mysteriously but instantaneously raised
to its wet-bulb temperature. The third curve for "zero thermel conduc-
tivity" was calculated under the assumption that the thermal conductivity
of the liquid was zero and the fuel came off in layers.
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As can be seen in figure 28, the assumption that the thermal con-
ductivity of the liquid is zero results in a rate of mass transfer that
is initially too high but eventually becomes less than that of the actual
case. On the other hand, the assumption of no unsteady state gives values
of mass transfer that are too high at all tlmes.

The error in time varies as the percent mass transferred is varied.
For example, if the item of interest is the time required to vaporize
20 percent of the mass, the error can be 100 percent or more. On the
other hand, if the item of interest is the time required to vaporize
80 percent of the mass, the error may be more of the order of 20 percent.

University of Wisconsin,
Madison, Wis., May 2, 1954.
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APPENDIX A

THEORETICAL CAICULATION FOR UNSTEADY STATE WITH FINITE

LIQUID THERMAL CONDUCTIVITY

Vaporization histories during the unsteady state are presented here
with the assumption of finite thermal conductivities within the drop. To
make these calculations feasible, the drop was divided into three shells
of equal initial thickness plus a spherical core of twice that thickness
(fig. 19). Thus the radius of the drop was divided into four initially
equal segments having a thickness x.

The following assumptions were made:

(1) Bach of the segments had a uniform temperature at any instant
equal to the mean temperature at its center line Tml, Tmz, and so

forth corresponding to segments 1, 2, and so forth. These were also
time-average temperatures for any time increment in the stepwise proce-
dure used.

(2) The drop surface temperature was assumed to be that of the outer
shell Tml.

(3) The inner segments remained at the same thickness x. The outer

segment had a varying thickness Xy because of (a) vaporization and

(b) liquid diffusing to it from the inner segments because of thermal
expansion.

(%) The 1iquid specific heats CpLo? and so forth and the

¢
pLl’
liquid densities le, pLQ, and so forth, corresponding to segments 1,

2, and so forth were derived at any instant at mean temperatures Tml,
Tme, and so forth of the segments.

(5) The thermal conductivities of the segments were computed at the
borderlines between segments 1 and 2, 2 and 3, and so forth at tempera-
tures equal to the average value between Tml and Tmz, ng and ij,
and so forth, thus giving conductivities K12’ Kej’ and so forth.

The calculations were performed by specifying an increment in sur-
face temperature or specifying Tml and then assuming the tempera-

tures ng, ij, and Tmy. The time increment A9 for that temperature
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increment together with the radius rgy and the velocity V, at the end

of the increment were also assumed. The value of sensible heat arising at
the surface of the drop was then calculated in the usual manner described
in reference 1 by evaluating the fuel vapor pressure at the surface tem-

perature Tml' The following equations were then used to calculate the
temperature increment of each segment ATl, ATE’ and so forth for the

assumed time increment AS.

For the first segment:

AT, = aL - %1 A8
MCp11
K 2
12
%~ (T~ Te) 3 O
= 2V 1 A8 (A1)
h 5
3 T [ro - (BX)B]DLlchl
For the second segment:
A, = 217 %2 5
m2ch2
K
23 2
Q. - (T , -T y— hn(ox)
ot ("o ~ mg) A8 (A2)
i
3 n [(5)()5 - (gx)E]pLgchg
For the third segment:
AT = %zc-—% A0
5 pL3
K
Q - (Tny - Ty =2+ brc?
= L8 (A3)
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For the fourth segment:

Amwiﬁ_
mhchh

_ 3 A8 (ak)

3
3 X qu,cpIh

In these equations Qol’ Qb2’ and Qb} are the sensible heats

going out of segments 1, 2, and 3 and crossing the borders into seg-
ments 2, 3, and 4, respectively. The calculated values of AT, ATy,

and so forth are then added to the initial temperatures of the corre-

sponding segments for the particular time increment under investlgation
and the value thus computed is compared with the assumed value of Tml’
Tm2’ and so forth. Several unsuccessful attempts were usually made in

this trial and error procedure before calculated values that agreed with
the assumed values were discovered.
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APPENDIX B

THEORY OF SIMULTANEOUS MASS TRANSFER

AND HEAT TRANSFER

As has been previously noted, the theory used in reference 1 has
been used in the present report. The theory together with the correla-
tion of Ranz and Marshall (ref. 12) have given reasonably good agreement
with experiment. At the same time, there are certain ambiguities and
inconsistencies in the correlations and theories and as a result some
work has been done in an attempt to develop more fully the theory of
simultaneous mass transfer and heat transfer.

For the sake of completeness the theory developed in reference 1l is
summarized in a slightly modified form in thils appendix together with
additional but incomplete work done on the theory.

Mass Transfer
Summary of theory presented in reference l.- For the case of a

vaporlzing liquid droplet where essentlally unidirectional diffusion
exlists the following diffusion equation is given in reference 16:

dp

f RT
— T e —— Bl
= B,pg “fPa (B1)

For a spherical drop the molal rate of diffusion per unit area rp must

vary throughout the film and therefore cannot be treated as a constant
as is done for two-dimensional diffusion. By defining the molal rate of
diffusion per umit area at the llquid surface as re one obtains for

o]

spherically symmetrical diffusion

ro2

I‘f = I'fo T (B2)
r

Combining these two equations and carrying out mathematical steps and
substitutions as indicated in reference 1, one obtains:

wzv__EXéQ__<;L + %:)pflg (B3)

(R/Mf>Tm Bo
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On a semiempirical basis the diffusion rate is customarlly given as
(ref. 16)

v = AKpera (B4+)

where Kg is the coefficient of mass transfer which can be determined

from the following equation given by Ranz and Marshall for a liquid drop
(ref. 12):

Ky = —— Ny (B5)

& 21’0<R/ Mf)Tm

By combining the above three equations:

N I
R . (B6)
B, o o 2
With everything constant but the velocity of the air,

C
B. = L

°

Here the film thickness B, for mass transfer is inversely proportional
to the square root of the relative velocity of the droplet and alr. While
this film concept is, of course, used as an analysis and visualization aid
rather than as an exact representation of the facts, it is interesting to
note that B, becomes large in still air and rapidly decreases to values

of the order of the droplet radius and less as soon as a relative motion
of air to drop takes place.

Analysis using "transport" theory.- If the mass transfer is analyzed
according to "transport phenomena" based on the kinetic theory of dilute
gases and thermodynamics of irreversible processes as described in refer-
ence 11, the transport of mass 1s dependent on: (1) A gradient in the
chemical potential, (2) a gradient in the total pressure, (3) a gradient
in the temperature of the gas, and (4) transport due to external forces.

. For the case of a vaporizing drop the total pressure is constant and
there are no external forces. There is a gradient in the temperature but
{ts effect will be small and will be neglected in the present development.
Thus, considering only the transport of mass per unit area dA due to a
gradient in the chemical potential, the flux equation is
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J, =nmad (B7)

For a two-component system the flux vector with respect to the mass
average velocity is:

3 =g—mmDv%1 (B8)

For a vaporilzing drop the vector of interest 1s the flux vector with
respect to the liquld surface. At the liquid surface the velocity of the
air i1s equal to the surface velocity. To convert the above equations to
corresponding terms with respect to component 2 (the air) the following
terms are used:

Fl mass flux vector of component 1 with respect to velocity of
component 2
V&l velocity of component 1 with respect to velocity of component 2
Va1 = 41 - o

Fi = npmVay = mmy (A - 4p)
From momentum considerations,

nmd y +ngmyd s =0

therefore

4 nymy
v2 vlinp
Mo
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2 nim + n n
=0 mlme(M)va it §
pn n2m2
2 N n
=0 mm, Lp v &
°n n My
m n
= L nfp,v-L (89)
ns

For engineering calculations it is usually more convenient to use

the flux as defined by

or

. For an ideal gas

and

F
£ = L
My
2
m-n n
£, = Ml Y Tl
172
ny Py
=5
P
i i A §
M; RT
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therefore

M, RT

where py is the partial pressure of component 1; then

= L2V gy (B10)

If there 1s no pressure gradlent of the liquld vapor tangential to the
liquid surface, and if the drop 1s spherical, this reduces to

_PT D_v_(aﬂ) 11
fl p2 RTL aI‘ =1 (B )
7o

To obtain the total mass flow from the drop, integration 1is taken over
the entire surface, or:

Pp D
W =\]p fl dA =\/h I _I_(ggl)
R R P2 RTL r i dA
=to

If the total pressure, partial pressure of component 2, Dy, R, and Ty
are all constant over the entire surface,

' (a_pi> aa (B12)

b > RTL R ar r =ro
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It is convenient to define a reduced pressure, reduced area, and reduced
radius as:

P
p ¥ = —t— (B13)
Pr1, = Prp
A" = Afag
and
r* = —— (B14)
2ro
therefore,
P D Op, * *
= A L _V - f __l_> da Bl
v © P, RT 2r, (pr pfb) R(ar* (B15)
I‘=I‘O

where it is understood that the reduced pressure gradient and all the
other terms are to be evaluated at the liquid surface. The

*
integral b/ﬁspl dA* for mass transfer is similar to the integral of
T *

Schlichting (ref. 17) obtained for heat transfer. He called it the Nusselt
number for heat transfer. It will be defined here as the Nusselt number

for mass transfer, or
*
N.fapl an* (316
= B
Nu R dr* er )
=lo

Equation (B15) together with the definition of the Nusselt number 1is
the fundamental equation for mass transfer. Its limitations are:

(1) Total pressure is assumed constant

(2) Thermal diffusion and external forces are neglected

(3) The drop is spherically symmetrical in all respects

In general, equation (B15) has not been used explicitly to evaluate
mass transfer since values for the Nusselt number can be obtained only

from experimental data. Thus, by analogy with heat transfer, an empirical
equation of the form .
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W = Kng(pr - pfb) (B17)

is customarily used in practical calculations with the mass-transfer
coefficient being defined by the equation itself. It has also been
recognized that there is a difference between equimolal and unidirectional
diffusion so that some authors have preferred to write

W = Knga,(pr - pfb) (B18)

where it is implied that Kg is the mass-transfer coefficlent for equi-

molal diffusion. Here o 1s a correction factor that 1s greater than 1
for unidirectional diffusion and is determined by a procedure similar to
that outlined previously in this section.

By dimensional analysis as suggested by Buckingham (ref. 18) the
dimensionless group

KsRT12rg
5 5, = M’ (B19)

can be developed when Kg is defined as in equation (B17). This dimen-

sionless group has also been defined and set equal to the Nusselt number
for mass transfer.

It can be seen by comparison of equations (B15) and (B19) that the
Nusselt numbers as defined by equations (B16) and (B19) will be equal
only in the case where PT/P2 is unity; that 1s, they will approach each

other as the mass transfer approaches zero. Most of the experimental
data in the literature have been taken where PT/p2 is essentially unity

and it has not been clear nor has it made any difference whether this
Nusselt number has been defined by equation (B16) or equation (B19). The
authors currently feel that the best procedure from all standpoints is to
define the Nusselt number as

. _ % *
Ny, ' = /; (ar*) da (B20)
I‘=I'O

and to define Ké under all conditions by the equation

W = KA (per, - Pey)
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The choice is admittedly arbitrary, but confusion had existed and
does exist and will continue to exist until universal agreement is
obtained for the definition of the Nusselt number and the mass-transfer
coefficient Kg.

Also of interest in the light of the above theory is the significance
of the a term used in the calculations for this report. Equations (B18)
and (B19) were used. However, the Nusselt number correlations were obtained
under conditions of extremely small pressure differences. This condition
will be denoted by the supersecript o for the previous derivation of the
Nusselt number or

0

*
o op *
(NNu') =f (S—i—-> dA (B21)
R\NOT r=rg
combining equations (B18), (B19), and (B21). Therefore,
. * O
D apl *
=A, — Y __ - —_
w = Ay 2roRTL(pr pﬁ)a£<8r* ) da (B22)
=I'o

Comparing this with equation (B18) and solving for a:

P *

*
f(é-) o (B2
PT R\T r=rg 3)

dA
IAE

The above discussion has shown the relationship between the funda-
mental equation for the transfer of mass and the equations used in this
report. If this fundamental equation 1s compared with the correlations
of Ranz and Marshall, 1t would seem that the terms Mmfa/ba should

o4

reduce to RIT. The terms will not, of course, reduce to RT unless all
the subscripts are the same. If the subscripts are not the same, some
confusion exists as to the molecular weight to be used in converting
moles to pounds. In the work done for the correlation the values Mj

and M, were usually nearly equal. In the work of reference 1 and this
report there often is a major difference.

In the work of reference 1, Mf was used for Mm in the term MﬁPa/pa.

However, comparison with experiments soon showed that substituting RT for
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Mmpa/pa gave much better agreement with experiment and consequently
RT has been used for this report.

It also follows that D, should be evaluated at the temperature

of the liquid surface. The above discussion does not, however, yield
any clue as to the temperature at which the dimensionless parameters
such as the Reynolds number could be evaluated, since this enters into the

*
evaluation of Jg <22;> dA*. For this report all properties, including
T
=to
D,, were evaluated at the mean temperature of the film. More work is

being done in an attempt to determine more clearly theoretically all the

ap*

dimensionless terms that enter into the Nusselt number J[.(S;y) dA*
R r=rq

under all conditions.

Heat Transfer

Summary of theory presented in reference l.- For spherically symmetric
heat transfer the equation given in reference 1 for the total heat which
arrives at the liquid surface in terms of the heat conducted through a
thin layer of the film at radius r becomes:

Q = Q- Q

2 4T
LKnr el wcpf(T - TL) (B2k)

]

By maeking the same assumptions and performing the mathematical steps
as indicated in reference 1:

A
= K (L1 ¢ LD\hyr 2(T - T )ez‘l (B25)
WU =K B T, o \"B ~ <L
where the substitution for 2z 1is as follows:
we B
z = —DF Q (B26)

bk ro(ro + By)

This 2z substitution 1s ildentical to that used 1in reference 1.
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Performing an anglysis similar to that given in the section "Mass
Transfer,” the following equation is obtained for the film thickness
for heat transfer:

1 1 1 Ny
g*;g—?;—z (B27)
B = 2

SR -

It is interesting to note that equations (B6) and (B27) indicate
that at other than zero velocity, where an infinite film thickness is
indicated, a different film thickness is indicated for mass transfer and
for heat transfer. According to the above equations, the two film thick-
nesses are in the ratlio of the cube root of Schmidt to Prandtl numbers.
This difference in film thickness has previously been suggested by
Ackermann (ref. 19).

Analysis using "transport" theory.- From kinetic theory and thermo-
dynamics of irreversible processes it 1s found that the transport of
energy is dependent on: (1) A temperature gradient, (2) transport of
thermal energy by the flux of molecules, and (3) the "reciprocal process"
to thermal diffusion known as the "Dufour effect.”

By neglecting the Dufour effect one obtains the following energy-
flux equation for a two-component system in terms of a plane moving at
the mass average velocity:

q = -KVT + nymHyd ) + nmH d . (B28)

To obtain the heat flux with respect to the liquid surface I, a
transformation for veloclties must again be performed. This trans-
formation gives:

I = -KVT+ nm HV. (B29)

Again, if there is no temperature gradient tangential to the liquid
surface and if the drop is spherical at the liquid surface, this reduces

to

_ oT
I = —K(gg)r—r + nlmlHlle (B30)

o
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To obtain the total energy transported to the liquid surface integrate
over the entire 1iquid surface:

oT
L=-K [ (5?)1,% * Aonm Hi Ve (B31)

It is agaln convenient for dimensional analysis to define a reduced
temperature as

T = L (B32)
T - Ty,

Then
KA QT * *
L == (TB - TL) (—a ) dA” + AgnymiHyVgy (B33)
o R\OT¥ r=rg
The energy L arriving at the liquid surface does not include the work
done by the moving boundary. Including this work in the energy balance

for the system, one obtains:

dE

_ L
L=Anmd By + M e PA VL (B3k4)
However,
dM -
= _].i — -
3 e AL ATy v
and

A pV v. M v
oP¥y, = P'L gg = PV¥

Making these substitutions, combining equations (B33) and (B34), and

rearranging give:
KA QT *
- O(TB - TL)f('_ dA*
2rg R \Or* r=r_

—W'BEL + pVL) - Hl] + My, 'l (B35)
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If one combines (EL + pVL) as Hp and uses the usual definitlon of
the latent heat of vaporization A as (H; - H; ) he obtains

KA oT* * dEy,
- —ofp. - A= - L
or, (T3 TL)/; (ar*)r_r AT = WA+ ML 75 (B36)
o}

The right-hand side of this equation has been defined previously as Q,
or the heat arriving at the drop surface; that is

KA o™
= =97, - T S *
& 2r0( B Lz/; (Br*)r_ o (B5D)
=Ty
By definition
or* *
N = da B38
Nu j;a (Br") (B38)
r=r,
then
KA
_ Mg
% = ErO(TB - TL) My (B39)

Agaln, equation (B37) is the fundamental equation for heat transfer
to the liquid surface. It assumes that:

(1) The Dufour effect is negligible

(2) The temperature difference between the liquid surface and the
free alr stream has a constant value

Also, agaln equation (B37) has not been used explicitly to evaluate heat

*
transfer because of the difficulty in evaluating §2¥ dA*, and an
R Or
equation of the empirical form
Q, = PAy(Ty - Tp) (840)

has been used where the heat-transfer coefficient h was defined by the
above equation. It has also been recognized that the presence of mass
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transfer affects the heat transfer and some authors have then preferred
the empirical equation

Q, = hAO(TB - TL)Z (BL1)

where 7 was defined earlier and h was considered to be the heat
transfer in the absence of mass transfer.

Reference 20 has shown that in the absence of mass transfer the
Buckingham type of dimensional analysis will result in the dimensionless
group

h2rg,
K  Nu

(B42)

where by definition the above dimensionless group was called the Nusselt
number. This definition of the Nusselt number has been used in most
experimental calculations. It is also true that most experimental cor-
relations have been developed under conditions of either low or no mass
transfer,

bT*

The value of the reduced temperature gradient ‘/p (5;?) dA*
R r=r

depends upon whether or not mass transfer is present. It is also obvious
from equation (B41) that the total heat transfer is not the same at the
outer and inner edges of the film when mass transfer is present. There-
fore for heat transfer in the presence of mass transfer it must be speci-
fled whether reference i1s made to the heat transferred to the outer or
inner edge of the film. Thus when the empirically defined equation

Q = hAAT 1is used in the presence of mass transfer it is necessary to
specify whether Q 1s the heat transferred to the outer or inner edge

of the film.

Agaln, confusion exists because of the lack of clear definition of
terms. The author currently feels that it 1s most advantageous to define
Q@ as the heat transferred through the inner edge of the film, that is,
to the liquid surface, and to define h under all circumstances as

Qy = nay(Tp - Tp)



ko NACA TN 3490

The Nusselt number would then be defined as

or* *
N. = —
Nu ‘jg (ar*)rz dA

To
and would implicitly be a function of whether mass transfer 1s present.

In connection with the above theory of the significance of the
7 term used in the calculations (eq. (B41l)) the Nusselt number used was
defined by equation (B42); however, it was obtained under conditions of
small simultaneous mass transfer. This condltion will again be denoted
by the superscript o for the Schlichting definition of the Nusselt num-

ber or

o
N = f (B—T:) (BL43)
R or* r=r,
Combining equations (B41) and (B42),
KA T * ©
= —0 - -
Q’V or (TB TL)Z A(ar*) (BM&)
o r=r, :

Comparing this with equation (B36) and solving for 2,

[ &)
R\Or* r=r,

zZ = - (B4S)

S5
R\ OT* r=r,
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APPENDIX C

CALCULATION FOR LIFETIME OF A VAPORIZING DROP UNDER

DIFFERENT AIR VELOCITIES

Equation (27) of reference 1 states that in the steady state the
mass rate of vaporization 1s gilven by

dM 1/2
@L = CBrO(E + C)_‘_I‘o / ) (Cl)

where C3 and C) are constants for a drop vaporizing in the steady

state for any velocity condition. These constants have the following
values:

2nD
v
C3 = —— Pr1® (c2)
f
1/2 :
1/3{Nge
C) = O.6(NSC) (r—o— (c3)
The mass of the drop My 1is
L 3
ML = 3 nro pL
Therefore
2
aMy, = hanrO ar (ck)

Combining equations (Cl) and (Chk) and rearranging them give

hﬂpL rg drg

C3 (2 + Curol/e) )

dg ==
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Case I: Zero Veloecity

If the limiting case where the velocity of the alr with respect to
the drop 1s zero is considered, then C; will be zero since it lnvolves

the velocity and equation (C5) reduces to

2np
ae =--EgE r, drg (c6)

Integrating equation (C6) between O =0 and 6 = 6, , the total vaporiza-
tion time where r, = r,y, the initlal drop radius, and r, = O glves:

_ 7pL, 2
Gt = C——(rol) (CT)
3
Substituting for Cs (eq. (C2)) gives
pr T 2
6, = -—lLi;—-rol) (c8)
2D ppro
Solving equation (26) of reference 1 for pp;, and changing the term (gé)
to reT (see appendix B) give =
T TRy NNuZ
Pep = —________'(TB - Tas) (c9)
f DVKNNu'a

Noting that the term NNu/NNu' reduces to 1 at zero air velocity and
combining i1t with equation (C8) give

P

) 2K Z(Tp - Tyg

By (r01)2 (c10)

Case II: High Reynolds Number
The other limiting case would be where the Reynolds number was quite

high and the factor 2 in equation (05) could be neglected. Under these
circumstances equation (C5) reduces to
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r ar (c11)

Integrating equation (c11) between the same limits as in case I gives

8an 1.5
£ = —fT 1 (Cl2)
CBCN( o )

6

Substituting values for C5 and C, from equations (c2) and (C3) and

for the Prandtl and Reynolds numbers and combining them with equation (c9)
glve

o, = _2+222PIA Kml/ijl/6 1 0 (c13)
¢ KﬁZ(TB - Tas) cpml/5pml/2 Ul/e( Ol)

Case III: General Case

Integrating equation (C5) between the same limlts as in cases I
and IT gives

1/2 Cha )

Bnpy, 2 ' 1/2
et = EEEZ 8 logg 1/2 + Chr01 (% - Chrol + -3— o1
2+ Ch.rol
(cik)

where C3 and C, are defined by equations (c2) and (C3).
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TABLE I
CONDITIONS FOR EXPERIMENTS
Alr temperatures, Drop radius, Air velocity,
Fuels in. in. /sec
n-Hexane 200 to 620 0.030 to 0.040 70 to 100
n-Heptane 175 to 620 .031 to 0.041 70 to 100
n-Octane 125 to 620 .032 to 0.041 50 to 300
Isooctane 200 to 620 .030 to 0.040 70 to 100
n-Nonane 200 to 620 .032 to 0.0k2 T0 to 100
n-Decane 200 to 620 .032 to 0.042 70 to 100
Cetane 125 to 225 .033 to 0.0k2 50 to 300
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To Recorder

Figure 4.- Drop hanging on three thermocouples.
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Figure 5.~ Temperature-time histories of center and surface temperatures
of cetane droplets.
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Figure 15.- Vapor pressure at wet-bulb temperature against air temperature.
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(a) Mixtures of n-heptane and n-octane. Average air temperature, 700o R.

Figure 17.- Temperature-time histories. Average alr velocity, 90 inches
per second; average drop size, 0.035 inch.
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(v) Mixtures of n-octane and cetane.

/ | /
/ /
/
75% Cet.
Pure 25% n-Oct.
Cetane by volume
/ |
// /]
B )4
50% Cet. 25% Cet.
50% n-Oct. 75% n-Oct.
by volume by volume
0 15 20 0 5 1O 5 25
TIME, SEC

Average alr temperature, 710o R.

Figure 17.- Concluded.
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{
1000 // ~ n-Hexadecane| /
/ / ¢
/ n-Tetradecane 4//
950 , —
/
/ I
500 / n-Dodecane ,/
/
850 / _
// n-Decane _4/
800 /
& / n-Nonane 4/
E" 750 f N
& / n-lOctane
g / / Isooctane J ]
n, 700 ] / e I
: / zannsy
650 // / A~ + 1
/ / //n‘HeX&ne /
600 // 47/ o
/
550 — - —
500, .6 1.2 1.8 2.4 3.0 3.6 4.2
TIME, SEC

Figure 18.- Temperature-time historieg of burning drops. Air temperature,
2,000 R.
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Figure 19.- Heat transfer into droplet with finite thermal conductivity.
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